Aliphatic acylcarnitines isolated from a water-soluble fraction of beef heart have been characterized by gas chromatography and mass spectrometry. The following acyl residues derived from the acylcarnitine fraction were unequivocally identified: acetyl, pro ionyl, isobutyryl, butyryl, a-methylbutyryl, valeryl, isovalery, tiglyl, and caproyl. flmethylcrotonyl and methacrylyl were tentatively identified. This occurrence of considerable quantities of branched-chain acylcarnitines indicates a role for carnitine in branched-chain amino acid metabolism.
Although it is well established that carnitine participates in shuttling long-chain acyl residues across the inner membrane of mitochondria (1) (2) (3) (4) , some data indicate additional functions for carnitine. Other roles for carnitine are indicated by (i) the multiorganelle location of medium-chain and short-chain carnitine acyltransferases in liver (5-7), (ii) the high activity of carnitine octanoyltransferase in many tissues (8) (9) (10) , (iii) the occurrence of short-chain acylcarnitines, especially in muscle, some of which apparently are not acetylcarnitine (11) (12) (13) (14) (15) , and (iv) the clofibrate-induced increase in short-chain and medium-chain carnitine acyltransferase activity (16) (17) (18) (19) .
An approach to elucidating broader roles for carnitine would be to identify and quantitate the products of the short chain and medium chain carnitine acyltransferases in specific tissues. These products should be water-soluble and would be found in the water-soluble acylcarnitine fraction. Herein we show that aliphatic branched-chain acylcarnitines constitute a major portion of the water-soluble carnitine fraction isolated from beef heart. METHODS Isolation of Acylcarnitines. Fresh beef heart was obtained from the slaughterhouse and immediately chilled. The fat was removed and the acylcarnitine fractions were isolated therefrom. Water-soluble aliphatic acylcarnitines were isolated and the acyl moieties were separated as described elsewhere (20) .
Identification of Acyl Residues. The short-chain fatty acids derived from the acylcarnitine fraction were subjected to gas chromatography as described (20) for tentative identification. Positive identification was made by subjecting the individual fatty acid peaks obtained from gas chromatography to mass spectral analyses and comparing with standard free fatty acids. These analyses were performed by the mass spectrometry facilities at Michigan State University, under the supervision of C. C. Sweeley.
RESULTS
The water-soluble acylcarnitine fraction was isolated from several rat tissues and from sheep muscle and beef heart. As anticipated, considerable amounts of acetylcarnitine and lesser quantities of propionylcarnitine were found. However, all of the tissues investigated contain several other acylcarnitines. A gas chromatographic profile of the volatile fatty acids obtained from a hydrolysate of the water-soluble acylcarnitines of beef heart is shown in Fig. 1 . The prevalence of fatty acids with retention times of C4 and C5 volatile fatty acids is apparent.
Several preparations of beef heart, as well as rat heart, muscle, and liver and sheep muscle, have been analyzed by gas chromatography; all preparations contained the principal components shown in Fig. 1 Because the identity of some of the fatty acids was not readily apparent and the prevalence of branched-chain fatty acids was indicated, characterization by mass spectrometry was undertaken.
Characterization of volatile fatty acids by mass spectrometry Mass spectral characterization of the peaks from all of the various tissues was not practical. Therefore, a representative tissue, beef heart, was selected and a larger-than-normal batch of water-soluble acylcarnitines was isolated. The fatty acids derived from the acylcarnitines were subjected to gas chromatography, and mass spectral analysis was performed on the leading edge, center, and decending positions of individual fatty acid peaks. Mass spectral analysis of individual volatile fatty acid peaks demonstrated the presence of acetic, propionic, butyric, isobutyric, valeric, isovaleric, and caproic acids (Fig.  1 ). The mass spectrum for peak E of Fig. 1 (Fig. 2E ) was taken at the center of the peak. The spectrum of the leading shoulder was slightly different from that of the trailing shoulder. Comparison with reference mass spectra indicated that the leading shoulder of peak E contained a-methylbutyric acid as well as valeric acid. This peak has been recently resolved into two major and one minor component. In addition, the mass spectra of the two C5 fatty acids (mass = 100) containing one C=C bond are shown in Fig. 2 . These correspond to the double peak, F and G, of Fig. 1 with retention times of 15.9 and 16.6 min. Comparison of mass spectra and gas chromatograph pattern with those of standards established that the acid with a retention time of 16.6 min (peak G in Fig. 1 ) is tiglic acid (trans-2,3-dimethylacrylic acid). The other acid has the molecular weight and chromatographic properties of 03-methylerotonic acid, but its identity must be considered equivocal. It should be noted that the acylcarnitine fraction from several preparations from rat heart, muscle, and liver all contain small quantities of an acid with gas chromatographic properties identical to those of methacrylic acid, and also all contain some other minor components.
DISCUSSION
The data show that beef heart contains both branched-and straight-chain water-soluble acylcarnitines. Similar results (data not shown) have been obtained with rat heart, muscle, and liver as well as with sheep muscle.
Negatively charged acylcarnitines, such as malonyl, or hydroxyacylcarnitines, such as glycolyl, would not have been detected by the methods used. Hence, the water-soluble acylcarnitine fraction could contain other acylcarnitines.
If carnitine is involved just in the tnitochondrial processes of fatty acid metabolism and shuttling of acetyl residues at the level of acetyl-CoA (4, 13), one would expect to find large amounts of acetylcarnitine and much smaller quantities of propionylcarnitine and other straight-chain even-number acyl residues in the water-soluble acylcarnitine fraction. The acetylcarnitine would come from mitochondrial acetyl-CoA. The propionylcarnitine would come from propionyl-CoA that could be the end product of odd-carbon fatty acid metabolism. The unequivocal demonstration that heart contains considerable amounts of branched-chain acylcarnitines indicates additional functions for carnitine, because it seems highly unlikely that the branched-chain acylcarnitines are products or intermediates of fatty acid oxidation.
The amino acids valine, leucine, and isoleucine are a potential source of branched-chain acylcarnitines. These amino acids undergo transamination to the a-keto acids and then are decarboxylated (21, 22) to form acyl-CoA derivatives that could be precursors of the acylcarnitines.
We have developed a working hypothesis for the functions of these short-chain acylcarnitines (Fig. 3) . As shown in the scheme, branched-chain acyl-CoAs are intermediates in the metabolism of branched-chain acyl-CoAs. Because most membranes are impermeable to acyl-CoAs, formation of the acylcarnitines would be required for the transfer of acyl residues from one cellular compartment to another. It seems likely that the concentration of a specific acylcarnitine would increase if translocation across an acyl-CoA-impermeable membrane were necessary.
The results provide a plausible function for carnitine octanyltransferase activity. This enzyme occurs in many mammalian tissues (P. Fogle and L. L. Bieber, unpublished data). The enzyme could be involved in shuttling the C4 and C5 acyl residues of the acyl-CoAs derived from branched-chain amino acid metabolism across intracellular permeability barriers. In this regard it is intriguing that liver peroxisomes contain carnitine octanyltransferase activity (6, 8, 16) and transaminase activity for leucine (23) . Is it possible that acyl-CoAs formed in peroxisomes have to be transported to mitochondria for complete catabolism? The a-keto dehydrogenase complexes that use the keto acids derived from leucine, isoleucine, and valine as substrates are at least partly located in mitochondria (22, (24) (25) (26) , but a rigorous determination of the cellular distribution apparently has not been done. It should be noted that most peroxisomal enzymes (27, 28) originally were thought to have a cytosolic location. Leucine, valine, and isoleucine are metabolized by heart (29, 30) , which also contains peroxisomes (31) and branched-chain acylcarnitines.
If carnitine functions in the manner proposed above, this certainly would not alter its established role in mammalian fatty acid oxidation. Rather, carnitine seems to have more roles than previously recognized. The fact that conditions that enhance ketone body production (12, 32) can affect acetylcarnitine levels indicates that carnitine in some tissues may affect ketone body production or utilization. It is also well documented that clofibrate, a drug that can decrease circulating cholesterol and triglyceride levels in humans, increases the amount of carnitine acetyl-and octanyltransferases in rat liver (16, 17, 19) . Although it is unlikely that one can, at present, provide an entirely adequate explanation for the.above results, multiple roles for carnitine seem to be indicated. Recently it was reported that peroxisomes from liver contain a small portion of the enzymes for ,8-oxidation of fatty acids (33) and peroxisomes contain ahydroxyacid oxidase systems (34) ; however, the possible rela-tionship of carnitine to these systems remains to be determined.
The acylcamitines reported herein are undoubtedly the same as the unidentified acylcarnitines detected by Bohmer and Bremer (35) in rat liver. Subsequent investigations by Bremer and colleagues showed that isolated mitochondria (36) and perfused rat heart (37) convert the a-keto acid analogs of valine, leucine, and isoleucine to isobutyryl-, methylbutyryl-and isovalerylcarnitine, respectively. The possible involvement of carnitine in branched-chain amino acid metabolism was not emphasized in the discussions in those papers.
